ABSTRACT. Diabetic disease is known to suppress male reproductive activity in laboratory animals and humans. The present study was designed to evaluate whether streptozotocin-induced diabetes increases apoptotic cell death in rat testes through activation of the JNK and Bax pathway. Diabetes was induced by a single intravenous injection of streptozotocin (40 mg/kg) and testis samples were collected after 3 months. Compared with controls, body weight and testicular weight were lower in the diabetic group, and the apoptotic index in testicular germ cells was significantly increased. Expression of phospho-JNK and Bax was significantly increased in the diabetic group, and the level of activated caspase-3 was also increased, compared to that of controls. Our findings suggest that streptozotocininduced diabetes increases apoptotic cell death in rat testes through phosphorylation of JNK and activation of Bax.
Sexual dysfunction is frequently associated with diabetes in men and experimental animals, and it is accepted that infertility is a common complication in diabetic men [2, 5, 10, 16] . Diabetic rats exhibit decreased testicular weight, sperm count, sperm motility and testosterone levels, and increased frequency of abnormal spermatogenesis [6, 12, 13, 17] . Furthermore, diabetes increases apoptosis in testicular germ cells and causes dysfunction of testes in mice [1, 11] .
The c-Jun NH 2 -terminal kinase (JNK) is a classic stressactivated protein kinase involved in apoptotic signal transduction in response to various stimuli, including UV radiation and heat [3] . JNK is a critical factor involved in the release of mitochondrial pro-apoptotic molecules such as cytochrome c in response to apoptotic stimuli [19] . Activation of JNK plays an essential role in apoptosis that is mediated by promoting accumulation of active Bax at the mitochondria [7, 19] . This stimulates the release of cytochrome c, which in turn triggers activation of the caspase cascade and induces apoptotic cell death [4, 7, 19] . Previous studies demonstrated that diabetes increases apoptotic cell death in testicular germ cells [1, 11] . However, few data are available regarding expression of apoptosis-related proteins in testes of diabetic animals. We propose that streptozotocin-induced diabetic rats enhance apoptosis in testis through the regulation of the apoptosis-related proteins including JNK, bax, and caspase-3. Therefore, the present study was performed to provide this information.
Adult male Sprague-Dawley rats (320-340 g, n=30) were purchased from Samtako Co. (Animal Breeding Center, Korea), randomly divided into control group and diabetic group (n=15 per group). All animal experiments were performed in accordance with the NIH Guidelines for Use of Laboratory Animals. Animals were maintained under controlled temperature (25°C) and lighting (14L:10D), and allowed free access to food and water. Diabetes was induced by a single intravenous injection of streptozotocin (STZ, Sigma, St. Louis, MO, U.S.A.) in 0.1 M citrate buffer (pH 4.0) at a dose of 40 mg/kg body weight [12] . The control animals received an equal volume of citrate buffer. Blood glucose and body weight levels were monitored regularly. Diabetes was confirmed by measurement of blood glucose concentrations and defined as blood glucose above 300 mg/dl. Animals from each group were sacrificed after 3 months. Testes were removed and rapidly weighed. And then, the right testes were frozen in liquid nitrogen and were stored at -70°C until use. The left testes were fixed in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4) and embedded in paraffin.
TUNEL histochemistry was performed using the DNA Fragmentation Detection Kit (Oncogene Research Products, Cambrige, MA, U.S.A.). Sections were incubated proteinase K (20 µg/ml) at room temperature for 5 min and then washed in PBS. Sections were incubated with a mixture of terminal deoxynucleotidyl transferase and digoxigeninlabelled dideoxy nucleotide in a humidified chamber at 37°C for 1 hr. Immuno-staining was carried out according to the manufacture's protocol. The color reaction was performed with DAB (Sigma, St. Louis, MO, U.S.A.) solution with 0.03% hydrogen peroxidase for 3 min. Sections were counterstained with hematoxylin. Slides were observed under microscope, and then photographed. To quantify the incidence of apoptosis, the seminiferous tubules containing three or more apoptotic cells by TUNEL stain were calculated. The apoptosis index was calculated by the ratio of the positive seminiferous tubules of apoptosis to the total num-ber of seminiferous tubules in cross sections.
Tissues samples were homogenized in lysis buffer (1% In streptozotocin-induced diabetic rats, blood glucose levels were markedly increased compared with controls, and body and testicular weight was significantly lower (Table  1) . Apoptotic cells in testes of control and diabetic rats were identified by TUNEL staining. Only a few TUNEL-positive cells were observed in control animals (Fig. 1A) . However, the number and signal density of positive cells significantly increased in diabetic rats (Fig. 1B) . TUNEL-positive cells were detected in spermatogonia and spermatocytes. The apoptotic index was significantly increased in the diabetic group, compared to that of controls (Fig. 1C) . The apoptotic indices were 3.4 ± 0.7% and 31.5 ± 6.8% in control and diabetic rats, respectively.
Western blot analysis showed that expression of pJNK was significantly increased in testes of diabetic rats compared with controls. The level of pJNK was 0.82 ± 0.18 in the control group and 1.19 ± 0.23 in diabetic rats ( Fig. 2A) . Similarly, the level of Bax was increased in the diabetic group, compared to controls. Levels of Bax were 0.79 ± 0.15 and 1.03 ± 0.21 in control and diabetic rats, respectively (Fig. 2B) . Activated caspase-3 levels were 0.78 ± 0.13 and 1.06 ± 0.17 in control rats and diabetic rats, respectively (Fig. 2C) .
Previous studies have demonstrated a decrease in testicular weight and atrophy of the seminiferous tubules in diabetic rats [1, 12] . Our results confirmed that both body weight and testicular weight are decreased and apoptotic cell death of spermatogonia and spermatocytes is increased in diabetic rats. In addition, diabetes induces a decrease of proliferation and differentiation in Leydig cells, and changes the pituitary-testicular axis [18] . Furthermore, diabetic animals exhibit decreased levels of testosterone that induce germ cell apoptosis and abnormal spermatogenesis [6, 11, 14, 15, 17] .
To better understand the pathway leading to apoptosis in diabetes, we investigated the expression of apoptosis-related proteins in testes of rats with diabetes. We showed that diabetes increases the level of activated JNK, a mitogen-activated protein kinase that is associated with apoptosis and is activated by a variety of environmental stresses, including UV radiation and heat [3] . Activation of JNK is thought to be a cause of cell death in diabetic rat testes. Previous studies demonstrated that JNK is critical for increased Bax expression in response to stress [7, 19] . It is known that the translocation of Bax to the mitochondria stimulates the release of cytochrome c, which triggers activation of the caspase cascade and induces apoptosis [4] . Thus, Bax is considered a pro-apoptotic protein. This study showed that Bax expression is elevated in diabetic rats in comparison with control rats. Furthermore, our results showed that the streptozotocin-induced diabetes increased the activation of caspase-3 in testes. This enhances apoptotic cell death through activation of caspase-activated DNase, which is integrally involved in DNA degradation [8] . Consequently, activated caspase-3 induces the morphological changes associated with apoptotic cell death [9] . In conclusion, our results indicate that streptozotocin-induced diabetes leads to apoptotic cell death in testes via activation of the JNK and Bax pathway.
